A cDNA sequence that encodes a 61-amino acid polypeptide precursor with homologies to proline-rich antimicrobial peptides (AMPs) was identified in the oyster Crassostrea gigas. After release of a hydrophobic signal peptide, the resulting 37-amino acid peptide, Cg-Prp, is composed of an acidic region and a cationic proline-rich region. To evaluate the biological properties of Cg-Prp, multiple proline-rich peptides corresponding to putative processing of the full-length Cg-Prp were synthesized. A limited antimicrobial activity was observed for two of them, which also showed strong synergistic antimicrobial activity with Cg-Def, a defensin from C. gigas. To our knowledge, this is the first evidence of synergy between a defensin and another AMP in an invertebrate. By in situ hybridization, the expression of Cg-prp was found to be restricted to hemocytes and induced following bacterial challenge. Cg-prp transcripts were also detected in hemocytes infiltrating mantle, where Cg-Def is expressed. Additionally, by immunocytochemistry, we showed that Cg-Prp or one of its variants is present in some hemocytes together with defensins. In conclusion, we described here the first prolinerich AMP from mollusk. From our study, it is likely to provide a first line of defense against bacterial invasion by acting through synergy with defensins.
Oyster hemocytes express a proline-rich peptide displaying synergistic antimicrobial activity with a defensin 
Introduction
Marine invertebrates including bivalve mollusks have evolved in the continuous presence of microorganisms. Thus, the oysters, such as Crassostrea gigas, harbor a diverse microflora both on their surface and inside the body cavities and hemolymph. As filter feeders, they are exposed to a constant challenge by pathogenic and opportunistic bacteria naturally present in its environment. Therefore, the capacity to overcome infections is essential for oyster survival.
Although lacking an adaptive immune system, invertebrates fight microbes with effective mechanisms that include the generation of gene-encoded antimicrobial peptides (AMPs). AMPs are important components of the innate immune system, which have been conserved during evolution (Brogden, 2005; Yang et al., 2002) . They form a key line of host defence against pathogens in plants and animals (Bachère et al., 2004; Boman, 2003; . In animals, AMPs are particularly abundant in tissues that are likely to come in contact with microorganisms, such as at mucosal surfaces (Zasloff, 2006a, b) and within immune cells (Bals, 2000; Zhao et al., 2007) . AMPs can be classified into three major groups:
(i) linear peptides that can form amphipatic -helices, (ii) peptides containing cysteine residues engaged in internal disulphide bonds, and (iii) peptides with one or two amino acids over-represented (Pro, Arg, Gly or His) (Brogden, 2005) . AMPs from those different groups are often encountered within one organism, as shown in Drosophila (Lemaitre and Hoffmann, 2007) . Despite their great diversity in terms of size, primary structure and amino acid composition, most AMPs are characterized by a high content in cationic and hydrophobic amino acids Jenssen et al., 2006) . The resulting amphipathic structure is considered to be required for the interaction of the peptide with the membrane of the sensitive microorganisms, leading commonly to the disruption of the membrane integrity. Membrane permeabilization is proposed to be one major mechanism by which AMPs kill their target cells, which include bacteria, fungi, parasites and enveloped viruses (Brogden, 2005) .
Proline-rich AMPs have a dissimilar mode of action and act without membrane permeabilization. These peptides are characterized by repeated proline-containing motifs and are active predominantly against Gram-negative bacteria. Although relying on unresolved mechanisms, translocation of proline-rich AMPs across bacterial membranes occurs without significant membrane lysis. Then, the peptides reach an intracellular target causing cell death (Brogden, 2005) . For example, PR39, a mammalian proline-rich AMP kills Gram negative bacteria by inhibition of DNA and protein synthesis (Gennaro et al., 2002) . Similarly, the insect pyrrhocidin, drosocin and apidaecin enter the target cells and specifically bind to DnaK, a heat shock protein involved in chaperone-assisted protein folding. Pyrrhocidin inhibits the ATPase activity of DnaK, which results in the accumulation of misfolded proteins and subsequent cell death (Kragol et al., 2001) . Several proline-rich AMPs have been isolated from invertebrates (Jiravanichpaisal et al., 2007; Markossian et al., 2004; Rabel et al., 2004; Stensvag et al., 2008) , but none in mollusks. To date, mollusks AMPs have been only reported in the sea hare Dolabella auricularia (Iijima et al., 2003) , the mussels Mytilus edulis (Charlet et al., 1996) and M. galloprovincialis (Hubert et al., 1996) , the scallop Argopecten irradians (Zhao et al., 2007) , and the oysters C. virginica (Seo et al., 2005) and C. gigas (Gonzalez et al., 2007; Gueguen et al., 2006) . All of the AMPs described, which include several defensins, belong to the group of cysteine-containing peptides.
In this study, we describe the first proline-rich AMP from mollusks. A sequence with homologies to proline-rich AMPs was identified by screening the C. gigas hemocyte EST library (http://www.ifremer.fr/GigasBase (Gueguen et al., 2003) ) for Pro-Arg-Pro motives.
Based on the sequence of the proline-rich peptide identified in C. gigas (Cg-Prp) and putative processing sites, we synthesized several proline-rich peptides. Limited antimicrobial activity was detected when the peptides were used alone, but a strong synergistic antimicrobial activity was evidenced with the defensin previously characterized from C. gigas mantle (Gueguen et al., 2006) . Furthermore, in situ hybridization revealed that the expression of CgPrp is induced in circulating and in infiltrated hemocytes of the oyster following a bacterial challenge. Altogether, these data strongly argue in favor of the implication of this peptide in the oyster defense reactions. synthesizer by Fmoc chemistry (Gausepohl et al., 1992 Recombinant expression and purification of Cg-Def, the defensin from C. gigas mantle, was performed as described in (Gueguen et al., 2006) .
Materials and methods

Animals
Polyclonal antibodies and Immunofluorescence
Antibodies against Cg-Def were raised in New-Zeland rabbits by Eurogentec Immunofluorescence analyses were carried out using polyclonal antibodies specific for
Cg-PRP [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] and Cg-Def, according to the method of Gonzalez and colleagues (Gonzalez et al., 2005) . Briefly, hemocytes fixed with paraformaldehyde were cytocentrifuged (900 rpm, 10 min) on L-polyLysine slides. Hemocytes were then permeabilized with 0.1% Triton X-100
and incubated overnight (4°C) with both anti-Cg-Def (2.3 µg/ml) and anti-Cg-Prp 20-36 (2.1 µg/ml) antibodies. After three washes in phosphate buffer saline (PBS), a second incubation was performed for 1 h at room temperature with anti-mouse FITC-conjugated and anti-rabbit
Texas red-conjugated goat IgG (Pierce) diluted at 1:500 in PBS. Slides were washed three times in PBS and observed by confocal microscopy Leica TCS 4D. concentrations (MICs) were determined in duplicate by the liquid growth inhibition assay based on the procedure described by Hetru and Bulet (1997) . Poor broth (PB: 1% bactotryptone, 0.5% NaCl w/v, pH 7.5) nutrient medium was used for standard bacteria, and saline peptone water (1.5% peptone, 1.5% NaCl, pH 7.2) was used for marine bacteria.
Antimicrobial Assays
Determination of Minimal Inhibitory Concentrations (MICs) -
Antifungal assay was performed in potato dextrose broth (Difco, Sparks, USA) at half strength supplemented with tetracycline (10 µg/ml final concentration). Growth was monitored spectrophotometrically at 620 nm on a Multiscan microplate reader colorimeter (Dynatech).
Determination of Fractional Inhibitory Concentrations (FICs) -Synergy between C.
gigas antimicrobial peptides was tested using the checkerboard microtiter assay (Rabel et al., 2004 ) (Patrzykat et al., 2001) . 
In situ hybridization
The cDNA clone (Genbank TM BQ426670) was used as a template for the riboprobe preparation. riboprobe produce silver grains, the number of which is proportional to the hybridization signal. Preparation of C. gigas tissues (serial sections) and hemocytes from a pool of five oysters, as well as in situ hybridization analyses, were performed as described (Munoz et al., 2002) . Hybridization signals were observed after a 36-h-(hemocytes) or 72-h-exposure (tissues). Controls consisted in replacing the antisense riboprobe with the sense riboprobe. 
Biocomputing
Results
Identification of an oyster cDNA encoding a proline-rich AMP
A 455bp-cDNA sequence (Genbank TM BQ426670) was identified in the oyster hemocyte EST library previously published (Gueguen et al., 2003) . The deduced 61-amino acid sequence starts with a predicted 24-amino acid hydrophobic signal peptide (Fig. 1) (Fig. 1) . The effectiveness of Cg-Prp cleavage was demonstrated in vitro on synthetic Cg-Prp using commercial chymotrypsin (data not shown).
The C-terminal region of Cg-Prp beyond the chymotrypsin site, Cg-Prp 20-37, contains a high number of Pro and Arg residues (6 and 5, respectively over 18 residues). Amino acid sequence alignment shows that it is homologous to invertebrate proline-rich AMPs with two
Pro-Arg-Pro tripeptides conserved in the alignment (Fig. 2) .
Cg-Prp has synergistic antimicrobial activity with the oyster defensin Cg-Def
In order to investigate the antimicrobial properties of the identified peptide, the full- (Table 1) were chemically synthesized. The cationic fragments (putative mature forms) were C-terminally amidated assuming Gly elimination, a posttranslational modification frequently observed in AMPs (Destoumieux et al., 1997; Jiravanichpaisal et al., 2007; Mitta et al., 1999) . These truncated forms were selected as follow: (i (Table 2) . Cg-Prp 22-36 was also antibacterial at 100 µM against M. lysodeikticus (Table 2) .
We then investigated possible synergistic interactions between Cg-Prp and Cg-Def, a defensin characterized from C. gigas (Gueguen et al., 2006) . Using the checkerboard titration assay, a strong synergy was observed between the full-length synthetic Cg-Prp and the recombinant Cg-Def against E coli (FIC = 0.29) and M. lysodeikticus (FIC = 0.54) (Table 3) . (Table 3) .
Cg-prp gene expression is restricted to oyster hemocytes and induced upon bacterial challenge.
The length of the Cg-prp mRNA was estimated at 470 bp by Northern blot analysis of oyster hemocyte total RNA. One single reactive band was detected on the blot (data not shown). Cg-prp expression was analyzed by in situ hybridization in tissues from unchallenged (control) and challenged (15-h and 72-h) oysters. In challenged oysters, strong hybridization signals were seen in circulating and in infiltrated hemocytes only (Fig. 3) . No hybridization was detected in epithelial cells of any tissue. Therefore, numerous Cg-prp-positive hemocytes were evidenced infiltrating mantle, intestine (Fig. 3 ) but also the digestive gland, and gills (data not shown). In unchallenged oysters, autoradiographic signal was not quantified since none or very low hybridization signal was observed. No hybridization signal was observed with the Cg-prp sense probe, revealing that the detection of Cg-prp transcripts with the antisense riboprobe was specific (data not shown). These results indicate that expression of Cg-prp is restricted to the hemocytes and induced following a bacterial challenge.
Cg-Prp is present in hemocytes with oyster defensins
Immunocytochemistry on cytocentrifuged hemocytes using anti-Cg-Prp 22-36 polyclonal antibodies showed the presence of Cg-Prp or one of its putative processed forms within hemocytes (Fig. 4) . Although not all hemocytes were positive, a strong granular-like staining was observed intracellularly in positive hemocytes. At this point, we could not determine whether the peptides are stored in cytoplasmic granules. Interestingly, some hemocytes positive for anti-Cg-Prp 22-36 were also positive for anti-Cg-Def staining (Fig. 4C) , indicating the presence of defensins and Cg-Prp variants in one single cell. In other cases, hemocytes were only positive for one antibody, either anti-Cg-Prp 22-36 or anti-Cg-Def (Fig. 4F ).
Discussion
Results showed that hemocytes from the oyster C. gigas express a proline-rich peptide displaying synergistic antimicrobial activity with a defensin. To our knowledge, Cg-Prp is the first proline-rich AMP identified in a mollusk. The Cg-Prp cDNA encodes a 61-amino acid polypeptide precursor composed of (i) a 24-amino acid hydrophobic signal peptide, (ii) an 19-amino acid acidic region (pI = 4.4) ending with a Phe residue (a putative chymotrypsin clivage site), and (iii) an 18-amino acid cationic proline-rich region (pI = 11.83) ending with a
Gly residue (Fig. 1) . The cationic region has significant similarities with AMPs from the proline-rich family (Otvos, 2002) . It also contains two repeats of the Pro-Arg-Pro tripeptide, a motif characteristic of the insect proline-rich AMPs (Otvos, 2002) .
The overall structure of the Cg-Prp precursor suggests that Cg-Prp is synthesized as a prepropeptide that would be processed by a signal-peptidase and other proteinases resulting in the release of the anionic proregion and of the C-terminal Gly (amidation of the preceding Glu). Processing by elimination of an anionic proregion has been described for many AMPs from both vertebrates and invertebrates. For example, the mouse intestine -defensins (cryptdins) are synthesized as a prepropeptide cleaved by signal peptidase and the matrix metalloproteinase-7 (MMP-7 matrilysin) to generate the mature -defensin (Ayabe et al., 2002) . The second cleavage enables the release of the anionic proregion from the cationic AMP. Similarly, in invertebrates, the Drosophila melanogaster proline-rich drosocin (Bulet et al., 1993) and the Mytillus galloprovinciallis defensins are processed from their precursor by elimination of a N-terminal signal peptide and a C-terminal anionic region (Mitta et al., 1999) . Interestingly, the anionic and cationic regions of Cg-Prp are separated by a chymotrypsin cleavage site at Phe19 (Fig. 1) , which was found to be functional in vitro using commercial chymotrypsin (data not shown). However, based on the antimicrobial data discussed below, we expect additional processing after release of the anionic region. Such a multi-step processing has been described for the proline-rich AMP astacidin 2, from the crayfish Pacifastacus leniusculus. Astacidin 2 is indeed synthesized as a prepropeptide, which after signal-peptide elimination, is processed at both ends for elimination of a N-terminal tetrapeptide (chymotrypsin cleavage site) and a C-terminal Gly-Lys dipeptide resulting in peptide amidation (Jiravanichpaisal et al., 2007) . As with many C-terminally amidated AMPs including astacidin 2 (Jiravanichpaisal et al., 2007) , mussel defensins (Mitta et al., 1999) , and penaeidins (Destoumieux et al., 1997) , we expect a C-terminally amidated Glu for Cg-Prp upon elimination of the C-terminal Gly. Such a modification would increase the peptide cationic properties.
The antimicrobial activities of synthetic Cg-Prp variants (full-length peptide and putative mature forms shown in Table 1) (Luders et al., 2005) , (ii) the chirality (Gennaro et al., 2002) and (iii) the glycosylation state. For instance, the glycosylated forms of drosocin and formaecin are more active than their unglycosylated analogs (Otvos, 2002) . Isomerization of the proline peptide bond(s) by a peptidylproline cistrans-isomerase was also reported to be necessary for the activation of a synthetic proline-rich AMP (Luders et al., 2005) . The occurrence of such posttranslational modifications in Cg-Prp could not be evidenced by the molecular biology approach used in this study.
Interestingly, three synthetic variants of Cg-Prp displayed a strong antimicrobial activity in synergy with Cg-Def, a defensin characterized from C. gigas oyster, against the Gram-positive M. lysodeikticus and the Gram-negative E. coli SBS363. These include the full-length Cg-Prp, but also the short cationic Cg-Prp 22-36 and Cg-Prp 26-36, which displayed antimicrobial activity. Such a synergy with Cg-Def is of particular interest. Indeed, while both vertebrate and invertebrate defensins have been shown to play a key role in the defense against infections (Salzman et al., 2003; Tzou et al., 2002) , to our knowledge, only defensins from vertebrates have been reported to have synergistic activity with other antimicrobials (Bals et al., 1998; Levy et al., 1994) . Thus, from our data, Cg-Prp would be an oyster defense peptide that acts through synergy with AMPs such as Cg-Def rather than through direct killing of microbes. This is reminiscent of MPAC, the proline-rich prodomain of Drosophila attacin, which has poor antimicrobial activity alone but acts synergistically with Drosophila cecropin (Rabel et al., 2004) .
Our demonstration of synergistic antimicrobial activities between the two AMPs in vitro may reflect an important determinant of their overall effectiveness since our results indicate that the two peptides can be present in the same tissues or cells. Thus, in situ hybridization revealed that Cg-Prp expression is induced in circulating hemocytes and in hemocytes infiltrating tissues including mantle (Fig. 3) following a bacterial challenge.
Interestingly, previous studies have demonstrated that Cg-Def is continuously expressed in the mantle (Gueguen et al., 2006) . Besides, Cg-Prp or one of its variants were shown here to be present in some hemocytes together with defensins. In a previous work, we showed that hemocyte defensins are continuously expressed and that their sequence is 79-84% identical to that of mantle Cg-Def (Gonzalez et al., 2007) . Altogether, these data support the hypothesis of a synergistic activity between both classes of AMPs in vivo. In other species, several examples of co-localization of antimicrobial compounds have been reported in various tissues and cell types, as well as specific evidence of synergistic activity (Lauth et al., 2005; Patrzykat et al., 2001; Rosenfeld et al., 2006; Yan and Hancock, 2001 ).
In conclusion, our results showed that oyster proline-rich peptides and defensins are In unchallenged oysters, no signal was observed in hemocytes infiltrating intestine (A).
Control sections with the sense riboprobe were devoid of labelling. (Scale bars, 50µm). The calculated isoelectric points (pI) of the different peptides are indicated on the right. * stands for C-terminal amidation * MIC values refer to the minimal inhibitory concentration of antimicrobial peptides required to achieve 100% growth inhibition. ** Results from (Gueguen et al., 2006 ). NT, not tested 19 
